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European Regulationa b s t r a c t
In 2014 the United Nations Economic Commission for Europe (UNECE) adopted the global technical reg-
ulation No. 15 concerning the Worldwide harmonized Light duty Test Procedure (WLTP). Having signif-
icantly contributed to its development, the European Commission is now aiming at introducing the new
test procedure in the European type-approval legislation for light duty vehicles in order to replace the
New European Driving Cycle (NEDC) as the certification test.
The current paper aims to assess the effect of WLTP introduction on the reported CO2 emissions from
passenger cars presently measured under the New European Driving Cycle and the corresponding test
protocol. The most important differences between the two testing procedures, apart from the kinematic
characteristics of the respective driving cycles, is the determination of the vehicle inertia and driving
resistance, the gear shifting sequence, the soak and test temperature and the post-test charge balance
correction applied to WLTP. In order to quantify and analyze the effect of these differences in the end
value of CO2 emissions, WLTP and NEDC CO2 emission measurements were performed on 20 vehicles,
covering almost the whole European market. WLTP CO2 values range from 125.5 to 217.9 g/km, NEDC
values range from 105.4 to 213.2 g/km and the DCO2 between WLTP and NEDC ranges from 4.7 to
29.2 g/km for the given vehicle sample. The average cold start effect over WLTP was found 6.1 g/km,
while for NEDC it was found 12.3 g/km. For a small gasoline and a medium sized diesel passenger car,
the different inertia mass and driving resistance is responsible 63% and 81% of the observed DCO2
between these two driving cycles respectively, whereas the other parameters (driving profile, gear shift-
ing, test temperature) account for the remaining 37% and 19%.
 2016 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Road transport currently accounts for approximately 23% of all
carbon dioxide (CO2) emissions in the European Union (EU), ofwhich about 2/3 come from passenger cars. Emissions from road
transport have been increasing until recently [1] undermining
reductions made by other sectors and hampering the EU ability
to meet its greenhouse gas emission commitments under the
Kyoto protocol. Regulation (EC) No. 443/2009, setting the target
of 95 g CO2/km for passenger cars to be achieved by 2020, aims
at incentivizing investments by the car industry in new technolo-
gies [1] and thus continue improving fuel consumption efficiency
and decrease CO2 emissions.
Nomenclature
4WD four-wheel drive
A frontal area
AT automatic transmission
Cd drag coefficient
CO2 carbon dioxide
Cp specific heat capacity
DPF diesel particulate filter
EU European Union
EUDC extra urban driving cycle
F total driving resistance
F0 total driving resistance constant coefficient
F1 total driving resistance linear coefficient
F2 total driving resistance quadratic coefficient
Fel electric component of total resistance force on chassis
dyno
Ffr friction component of total resistance force on chassis
dyno
Ftot chassis dynamometer total force
GRPE working party on pollution and energy transport pro-
gram
LMmax maximum laden mass
m equivalent mass flow rate subjected to cold start
MT manual transmission
NEDC New European Driving Cycle
OBD on-board diagnostics
OEM original equipment manufacturer
PMR Power to Mass ratio
Q heat rate
RCB REEES charge balance
REEES Rechargeable Electric Energy Storage System
R/L road load
RR rolling resistance
S/S engine start-stop
TA type approval
TMWLTP-H WLTP-H test mass
TMWLTP-L WLTP-L test mass
UM unladen mass
UNECE United Nations Economic Commission for Europe
V vehicle speed
Vbat battery voltage
WLTC worldwide harmonized light-duty test cycle
WLTP worldwide harmonized light-duty test procedure
WLTP-H WLTP-high
WLTP-L WLTP-low
DΤ coolant temperature difference
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ensure that reductions in light-duty vehicle emissions at type
approval (TA) are representative of those experienced during real
world driving and that the fuel consumption values communicated
to the customers lay as close as possible to those actually experi-
enced when driving the car. In parallel, the certification procedure
has to provide a level playing field for competition of the various
original equipment manufacturers (OEMs) and reflect accurately
on the competitive advantages of different vehicles in order to
support and promote the cars that exhibit better energy efficiency.
Several studies have shown that actual on-road emissions and fuel
consumption might be substantially higher than values reported
during the type approval testing on a chassis dynamometer in
testing laboratories [2–5]. One of the reasons for the discrepancy
between certified and actual emissions is considered to be the
current test cycle, the New European Driving Cycle (NEDC),
employed for the TA tests for emissions certification of light-duty
vehicles.
The existing TA test in the European Union was established in
the 70s to measure at the time regulated pollutant emissions but
not CO2 or fuel consumption. The testing of the latter was intro-
duced in the 80s. It is based on the NEDC, which has received a
lot of criticism and is currently considered outdated [6]. NEDC does
not represent real driving behavior of a vehicle in actual traffic and
thus, does not accurately reflect pollutant emissions and fuel con-
sumption [7]. NEDC consists of smooth accelerations and deceler-
ations which fail to reflect modern driving patterns [8–11]. In
addition, the test protocol disregards various real world conditions
like additional weight, number of passengers, use of air condition-
ing, realistic gear shifting, cold starts, operation at higher velocities
and congestion [12,13], while it examines only a small area of the
operating range of the engine [9].
On top of that, the penetration of modern technologies and
alternative drivetrains further aggravates the situation [14,15].
The existing test procedure prescribed for plug-in hybrid vehicles
mainly considers the CO2 produced by the engine, while the CO2related to the electricity used to charge the battery is only
partially taken into account. An experimental investigation on a
downsized Euro 5 turbocharged diesel engine managing high/
low pressure exhaust gas recirculation systems revealed that
brake specific fuel consumption decreases around 5–9.5% at low
speed/load, 1.7–3.3% at intermediate conditions, both well
represented in the NEDC, while no advantages are achieved in
higher speed/load conditions [16]. Finally, tests in the emissions
of petrol and diesel Euro 4, 5 and 6 cars at low temperatures
(7 C), indicate that current test procedure potentially requires
revisions [17].
Apart from the above, specific provisions or interpretations of
the current certification procedure, or absence of those, result in
the measurement of lower CO2 emission values. A series of test
margins or elasticities have been identified to date like those
applied on the speed profile of the test cycle, the test temperature
definition, the calculation of vehicle resistances, the vehicle prepa-
ration, etc., which make the certified CO2 value less representative
[18]. The European Commission is currently addressing these open
issues by leading the development of a new World-wide harmo-
nized Light duty Test Cycle (WLTC) and a new World-wide harmo-
nized Light-duty Test Procedure (WLTP) [19] and by preparing the
ground, including the time-frame, for their introduction in the
European TA procedure.
The development of the WLTC has been carried out under a pro-
gram launched by the World Forum for the Harmonization of Vehi-
cle Regulations (WP.29) of the United Nations Economic
Commission for Europe (UNECE) through the working party on pol-
lution and energy transport program (GRPE). The aim of this pro-
ject was to develop a harmonized light duty test cycle, that
represents the average driving characteristics around the world
and to have a legislative world-wide-harmonized TA procedure
put in place from 2017 onwards.
The first roadmap for the development of the new driving cycle
and test procedure was presented in 2009 and it consisted of three
phases:
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monized light duty driving cycle and associated test proce-
dure for the common measurement of criteria pollutants,
CO2, fuel and energy consumption (Type 1 test of European
TA procedure).
(b) Phase 2 (2014–2018): low temperature/high altitude test
procedure, durability, in-service conformity, technical
requirements for on-board diagnostics (OBD), mobile air-
conditioning system energy efficiency, off-cycle/real driving
emissions.
(c) Phase 3 (2018+): emission limit values and OBD threshold
limits, definition of reference fuels, comparison with regio-
nal requirements.
After the finalization of WLTP [13,20], the European Commis-
sion decided to propose its introduction in the TA procedure of
light duty vehicles already in 2017. This has however an effect
on the European Regulations since current CO2 targets, established
for years 2020 and 2021 based on the experience and practices of
the old protocol (NEDC), must be adjusted to account for the differ-
ent severity and boundary conditions of the new test procedure
(WLTP) [21]. Specifically, an average increase in the order of 11%
on the CO2 emissions is expected, while the impact depends on
the engine type and mass of each individual vehicle [11].
In order to tackle this obstacle from 2017 onwards new vehicle
registrations will either be measured in both WLTP and NEDC for
CO2 monitoring purposes or it is likely that a back translation of
the WLTP measured CO2 values to their NEDC equivalent will be
performed by means of computer simulation, using a dedicated
software tool. In order to support this process and provide a first
assessment of the impact of the introduction of WLTP in the certi-
fication system, a series of measurements on real vehicles were
performed under both the NEDC and WLTP protocol.
The current paper starts from the results of these measure-
ments and focuses on quantifying the effect of WLTP Regulation,
when compared to the NEDC. The analysis presented here refers
to the higher driving resistance configuration of the WLTP
(WLTP-High), while some estimates of the low energy WLTP con-
figuration (WLTP-Low) are also provided, in an attempt to quantify
the total effect of the WLTP introduction. Emphasis is put on the
analysis of the effect of each change introduced by the new regula-
tion. To the authors’ knowledge, this is published for the first time
and constitutes the major innovative characteristic of the paper,
since it provides a basis to analyze how engine and vehicle tech-
nologies will likely be employed by automotive OEMs for best
CO2 performance over the new certification procedure in the
2020+ horizon.
The present paper is structured as follows: at first the followed
test protocol and the simulation tool are described and a first esti-
mation – qualitative and, when possible, quantitative – of the indi-
vidual effects from the two test procedures is performed; at a
second step the methodology of the work conducted, in terms of
characteristics of the measured vehicles, the test protocols, the
complementary simulations, analysis, etc., is presented; finally,
the main results/outcomes are presented, analyzed and discussed.2. Description of the main differences between NEDC and WLTP
In the following paragraphs the most influential differences
between the NEDC and WLTP are described. Namely, driving pro-
file, vehicle mass (inertia) and road load (R/L) determination, chas-
sis preconditioning, gear-shifting, temperature, and REEES
(Rechargeable Electric Energy Storage System) Charge Balance
(referred to as RCB) correction are analyzed and presented together
with their qualitative effects on the final CO2 emission value.Where possible, quantitative values on their effect were taken from
the literature and/or dedicated series of measurements and simu-
lations were performed in order to evaluate that effect. Before the
detailed analysis of the main differences between NEDC and WLTP
and their corresponding effect on CO2 emissions, a description of
the test protocol as well as the simulation approach is given, in
order to make clear how the data presented have been generated.
2.1. Test protocol
Part of the results presented herein has been derived by mea-
surements conducted on chassis dynamometer. Test results have
been also used for the calibration and validation of the simulation
models developed for all the vehicles considered in this work. A
standardized test protocol was developed in order to generate
the necessary test data, an overview of which is presented in
Table 1. The protocol consists of 6 testing days and 2 chassis dyno
setting days, and includes tests over NEDC and WLTP.
At each test day, both cold- and hot-started cycles were run. The
necessary preconditioning for the cold-started cycle was per-
formed at the end of the previous day and followed the recommen-
dations of the respective regulations. The preconditioning
procedure for the hot-started cycle was applied just before the test
and consisted of two extra urban driving cycles (EUDCs). After each
driving cycle, a coast-down check was performed in order to vali-
date the road load applied during the test. In addition, the post-test
coast-down enabled the calculation of the exact resistance force
applied on the vehicle during the test. It is this resistance force that
was used in the simulation models, so as to accurately incorporate
the exact R/L applied in the tests (it is reminded that the actual R/L
may differ from the target one within the acceptable limits fore-
seen in the relevant regulation). In the case of diesel vehicles, at
the end of the test cycles and before the preconditioning for the
next day, a forced diesel particulate filter (DPF) regeneration was
conducted in order to avoid it during the tests and ensure that
the filter is in the same condition at the beginning of all the cold
cycles. This regeneration was activated either through a diagnostic
tool or by following a specified procedure provided by the respec-
tive OEM. All the test results presented in this work have been gen-
erated following strictly this specific protocol.
2.2. Simulation approach
To identify the sources of the differences between the two mea-
surement protocols and to further quantify and assess their indi-
vidual effects, the investigation is also complemented with a
simulation approach. For this reason, a template topology was cre-
ated applicable to most conventional vehicles with minor modifi-
cations, according to transmission type and driven wheels. The
simulation tool used is the AVL’s CRUISE, a tool to perform vehicle
CO2 emission simulations and powertrain analysis [22]. The tem-
plate model structure for a manual transmission (MT) vehicle
equipped with engine start-stop (S/S) in the simulation environ-
ment is presented in Fig. 1.
The developed model consists of common components that
exist in vehicles (e.g. engine, wheels, gear box, etc.), functions to
control the operation of individual modules (e.g. generator, starter,
etc.) and the respective connections among them which can be
either mechanical (e.g. engine – clutch coupling), electrical (e.g.
battery – starter coupling) or informational (e.g. control functions).
The main components of the template model are the engine and
the attached mechanical consumer, the transmission systemwhich
consists of the clutch, the gearbox, the final drive and the differen-
tial, the wheels and brakes, the vehicle body, the S/S system,
the electrical system which consists of the generator and its
pulley, the battery, the electrical consumers and the respective
Table 1
Standardized protocol followed during the tests.
Test details Dyno setting day Test days Dyno setting day Test days
Day S1 Day T1 Day T2 Day T3 Day S2 Day T4 Day T5 Day T6
Inertia NEDC NEDC NEDC NEDC TMH TMH TMH TMH
Road load NEDC NEDC NEDC NEDC WLTP-High WLTP-High WLTP-High WLTP-High
Test temperature
(C)
25 25 25 25 23 23 23 23
Dyno setting (road
load)/warm-up
cycle
NEDC/NEDC NEDC/NEDC NEDC/NEDC WLTP-H/WLTC WLTP-H/WLTC WLTP-H/WLTC
Tests NEDC/NEDC dyno setting Cold NEDC Cold NEDC Cold NEDC WLTP-H/WLTC dyno setting Cold WLTC Cold WLTC Cold WLTC
Coast-down Coast-down Coast-down Coast-down Coast-down Coast-down
Warm-up cycle NEDC Bag analysis Bag analysis Bag analysis Warm-up cycle WLTC Bag analysis Bag analysis Bag analysis
Hot cycle
preconditioning
Hot cycle
preconditioning
Hot cycle
preconditioning
Hot cycle
preconditioning
Hot cycle
preconditioning
Hot cycle
preconditioning
Coast-down for dyno setting
NEDC with NEDC road load
Hot NEDC Hot NEDC Hot NEDC Coast-down for dyno setting
WLTC with WLTP-H road load
Hot WLTC Hot WLTC Hot WLTC
Coast-down Coast-down Coast-down Coast-down Coast-down Coast-down
Bag analysis Bag analysis Bag analysis Bag analysis Bag analysis Bag analysis
Controlled DPF
regeneration (diesel)
Controlled DPF
regeneration (diesel)
Controlled DPF
regeneration
(diesel)
Controlled DPF
regeneration
(diesel)
Controlled DPF
regeneration
(diesel)
End of tests
Conditioning for next
day
3  EUDC (diesel), 1  UDC
+ 2 EUDC (gasoline)
3  EUDC (diesel),
1  UDC + 2 EUDC
(gasoline)
3  EUDC (diesel),
1  UDC + 2 EUDC
(gasoline)
1 WLTC 1 WLTC 1 WLTC 1 WLTC
Soak temperature for
next day testing
(C)
25 25 25 23 23 23 23
Comments Battery charging over night Battery charging over
night
Battery charging over
night
Battery charging
over night
Battery charging over night Battery charging
over night
Battery charging
over night
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Fig. 1. Template topology for conventional vehicles equipped with manual transmission and start-stop in the AVL CRUISE environment.
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simulations.
For the creation of an accurate vehicle model, a number of input
parameters are essential that correspond to the individual compo-
nents of the template model, such as the engine map, the gear box
losses, and the full load curve. Those parameters were provided by
different OEMs under non-disclosure agreements, assisting the
WLTP-NEDC correlation exercise [21], or they were calibrated over
measurements (e.g. S/S operation). To incorporate the cold start
effect, a separate calibration took place by using AVL’s CRUISE
functions. This calculation is based on a semi-empirical approach
introduced with Q ¼ m  Cp  DT , at which all engine components
subjected to cold start (e.g. coolant, bearings, etc.) are treated as
an equivalent mass m. Then, the coolant temperature difference
DT and the extra fuel consumption due to cold start are calculated
by taking into account the heat rate Q, the specific heat capacity Cp,
the exhaust proportion of waste energy, the fuel’s lower heating
value, the friction mean effective pressure and the nominal engine
temperature. More details for the template model development
can be found in [23].
2.3. CO2 effects between NEDC and WLTP test procedures
WLTP substantially differs from NEDC in the preparation and
preconditioning of the vehicle for testing and the post-test man-
agement. The latter mainly concerns the corrections applied in
the CO2 values to account for the different contribution of each
vehicle’s electrical system; a correction which is of crucial impor-
tance given the high penetration of micro and mild hybridization
systems to modern cars.A summary of the differences between WLTP and NEDC is given
in Table 2. Each of these differences is explained in the following
paragraphs.
2.3.1. Driving profile
A significant improvement in the WLTP Regulation is that, in
contrast to the NEDC, the driving profile is different for the various
vehicles according to their Power to Mass ratio (PMR), which is
defined as the ratio of rated power (in Watts) to the curb mass
(in kg). Two driving profiles characteristic for low powered vehi-
cles are defined for PMR 6 22 (WLTC class 1) and 22 < PMR 6 34
(WLTC class 2). For the rest, vehicles with PMR > 34, WLTC class
3 should be used [20]. Most passenger cars fall in the WLTC class
3 category. Since some vehicles close to the borderline PMR values
may present drivability problems in high speeds, a downscaling is
applied to the speed profile further enhancing the closer-to-reality
features of the new approach.
The kinematic characteristics of NEDC and WLTC [24,25], speed
and acceleration related rebound effects [26], as well as their
potential effect on pollutant formation [27,28] and CO2 emissions
[29,30] have been sufficiently covered by the scientific community
so far. The basic characteristics of NEDC and WLTC class 3, are
described in Table 3. Compared to WLTC, NEDC is characterized
by shorter duration and distance, longer idling and cruising time
and lower speed and acceleration (Fig. 2). In addition, a single vehi-
cle operates in lower engine speed and load over the NEDC, which
is not representative of real world driving. Fig. 3 illustrates the
operation of a small gasoline vehicle in NEDC and WLTC with the
same driving resistance and test mass. AlthoughWLTC driving pro-
file is more transient than NEDC, when these two cycles are tested
Table 2
Differences between the NEDC and WLTP measurement protocol.
NEDC WLTP
Mass Test Reference mass: unladen + 100 kg Test mass high (‘‘worst” case) and test mass low (‘‘best” case)
defined from max/min unladen mass and max laden mass
Inertia Inertia classes Inertia mass = test mass
Rotating parts Not applied +1.5% for 1-axle chassis dyno
Road load Origin Provided by manufacturer – derived by the
coast-down method
Calculated from NEDC R/L taking into account masses, Cd ⁄ A, tires
– derived by the coast-down method in future
Preconditioning Chassis, vehicle and gear box type dependent (typical values 0–20 N)
Driven wheels 4WD 1-axle dyno allowed 2-axle dyno mandatory
Engine Preconditioning 1 NEDC + 1 EUDC (gasoline)
3 EUDC (diesel)
WLTP
Gear shifting Fixed points Vehicle specific-derived from a function of mass, R/L, drivetrain,
full load curve
Temperature Soak 20–30 C 23 C ± 3 C
Oil, coolant ±2 C to soak temperature 23 C ± 2 C
Test initiation 25 C ± 3 C 23 C ± 3 C
RCB correction Not applied Post-test correction
Fig. 3. Small gasoline vehicle (1197 cc engine displacement, 1102 kg curb mass)
operation in NEDC and WLTC.
Table 3
Basic characteristics of NEDC and WLTC class 3.
NEDC WLTC class 3
Distance [km] 11.023 23.262
Duration [s] 1180 1800
Idle time [s] 280 235
Phases [#] 2 4
Average speed/w idle (w/o idle) [km/h] 33.6 (44.7) 46.5 (53.5)
Max speed [km/h] 120.0 131.3
Max acceleration [m/s2] 1.0 1.7
Fig. 2. NEDC and WLTC class 3 driving profiles over time.
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cases WLTC delivers CO2 results that do not significantly differ
from NEDC’s [31–33]. The same trend stands for Euro 6 vehicles
[34,35], vehicles available in the United States market [36] and dif-
ferent ethanol fuel blends on gasoline vehicles [37]. As regards
electric vehicles, the same trend is observed for the battery net
energy consumption in those two driving cycles [36].
2.3.2. Mass, road load and driven wheels
The procedure which determines the R/L or driving resistance
coefficients over the NEDC presents a series of flexibilities whichallow lower driving resistances to be applied for the test [3]. These
R/L coefficients are characteristic for the total driving resistance
provided by Eq. (1)
F ¼ F0 þ F1  V þ F2  V2 ð1Þ
where F represents the total driving resistance in N, F0 the constant
coefficient in N, F1 the linear coefficient in N/(km/h), F2 the quadra-
tic coefficient in N/(km/h)2 and V the vehicle velocity in km/h.
Achieving lower driving resistance can become feasible by using
e.g. low resistance tires or the best aerodynamic and most light
weighted version of the same vehicle model during coast down.
Additionally, the test mass in NEDC is determined by inertia classes
[38] which creates discontinuities in a physical quantity that in
reality is continuous and which has significant influence on CO2
emissions. In WLTP, the R/L coefficients for a single vehicle are pro-
duced by taking into account its minimum and maximum unladen
mass (UM), which is defined as the vehicle’s standard weight with-
out driver, fluid or any additional equipment, the maximum per-
missible weight, the difference in rolling resistance between
different tire versions, as well as the difference in aerodynamic
resistances expressed as the product of the drag coefficient (Cd)
and the frontal area (A) between the vehicle model with the best
and worst aerodynamics [19]. Then, two sets of R/L and test mass
values are produced; one set characteristic of the best case vehicle
1158 D. Tsokolis et al. / Applied Energy 179 (2016) 1152–1165(WLTP-Low or WLTP-L), which is the vehicle that is expected to
have the lowest energy demand, and one of the worst case vehicle
(WLTP-High or WLTP-H), the vehicle of highest energy demand.
The equations that were used to calculate the R/L in the current
paper can be found in Appendix A, while the detailed equations
that calculate the two sets of R/L coefficients for WLTP can be
found in the respective Regulation [20]. Since WLTP Regulation
undergoes constant updates until it is finalized, the final procedure
that will determine the R/L coefficients is likely to be different than
the procedure followed in this paper.
An additional difference in the determination of the inertia
mass on the WLTP is that the rotating parts of the vehicle are also
taken into account, applying an extra 1.5% to the test mass (equiv-
alent inertia) if the measurement is performed on a single axis
chassis dyno. With the extra 1.5%, the expected resistances which
are avoided due to the stationary wheels are also taken into
account during the type approval test, similarly to real world driv-
ing. Fig. 4 verifies this: it presents the results of a series of mea-
surements of a 4 wheel drive vehicle (4WD) on both single and
dual axle chassis dyno.
Fig. 5 presents different coast down curves for a medium size
vehicle. With the NEDC inertia mass and RL coefficients, this vehi-
cle decelerates from 135 km/h to 0 in 215 s. Similar coast down
time to NEDC is calculated for the WLTP-Low case. In contrast,
WLTP-High is associated with lower deceleration time, approxi-
mately 180 s. Additionally, individual coast down test performed
indicate total deceleration time 20% less than NEDC. The diver-Fig. 4. NEDC measurements on single and dual axle chassis dyno for a large size 4-
wheel drive gasoline vehicle. The error bars show the standard deviation for each
measurement series.
Fig. 5. Coast down time for a medium size vehicle.gence between these individual tests and WLTP-High may be
attributed to the experimental difficulties of performing such tests,
since they are not fully controlled and identical (wind intensity and
direction, road slope, road surface quality, type of tires used, etc.).
Still, a part of the discrepancy between WLTP-High and the real
world is expected to remain in the future and possibly rise further
[3].
2.3.3. Chassis preconditioning
Throughout the course of this work, as refereed in [23], it was
found that the preconditioning of the chassis dynamometer and
the vehicle, during the adjustment of the driving resistance on
the dyno, plays a non-negligible role on the CO2 emissions of the
tested cycle. This comes as a direct result of the different resistance
that is applied on the vehicle over a driving cycle.
This driving resistance consists of two components: the resis-
tance applied by the electric system (electric force, Fel) and the fric-
tion (friction force, Ffr). The latter comes from the internal dyno
components (such as bearings, the friction of which cannot be
zeroed) and the drivetrain of the vehicle (mainly the gearbox, the
differential and the tires). Hence, the total force Ftot is:
Ftot ¼ RL ¼ Fel þ Ffr ð2Þ
While the former part, Fel, depends only on the parameters of the
electrical machines, Ffr is a function of the thermal state of the test
installation. Thus, the warmer the dyno and the vehicle the lower
the friction force.
This can be better explained if the two cycles of interest, NEDC
and WLTC, are considered. Since WLTC has longer duration and
reaches higher speed than NEDC, a single vehicle will be warmer
after WLTC than after NEDC (evidently after a cold start at the same
conditions). Since the target is to apply the same Ftot in the chassis
dyno, different results will be obtained if the chassis setup is per-
formed after a NEDC or a WLTC (or another driving cycle).
Fig. 6 shows the effect of different preconditioning on CO2 emis-
sions. In one case the vehicle was preconditioned by running a
NEDC cycle, while in the other case by running for 1180 s at an
approximately constant speed in the range 35–40 km/h. The
results indicate that the average effect in terms of CO2 emissions
is 5 g/km. In the constant speed preconditioning, in fact, the vehi-
cle’s drivetrain as well as the chassis dyno reached higher temper-
atures, translated in lower Ffr, and thus the applied Fel by the dyno
is higher, so as to achieve the same Ftot. This explains the higher
CO2 emissions during the testing of the same driving cycle.Fig. 6. CO2 effect of different chassis preconditioning in NEDC and WLTC for a small
5-gear MT gasoline vehicle.
Fig. 7. Gear shifting sequence in WLTC for one medium diesel and one medium
gasoline vehicle.
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dynamic cycle), the results present higher variability for the speci-
fic combination of vehicle and tires. An average difference of
around 1 g CO2/km is measured, but for some vehicles this figure
goes up to 3–4 g CO2/km.
2.3.4. Gear shifting
This refers to the procedure that defines the gear shifting in
WLTP for manual transmission (MT) vehicles; in automatic trans-
mission (AT) vehicles this procedure is not applicable. In NEDC,
fixed gear shifting points are defined, without taking into account
the different drivetrain configurations. In WLTP first the required
(from the driving profile) and available (from the vehicle) power
are calculated, then a predefined algorithm decides which gear
should be used [20]. This algorithm was designed in a way to emu-
late the gear shifting experienced in real world driving from nor-
mal drivers. As a result, it is highly unlikely for the gear shifting
sequence of two randomly selected vehicles to be exactly the same,
similar to reality. The generated gear shifting sequence for one die-
sel and one gasoline vehicle with the characteristics shown in
Table 4 is illustrated in Fig. 7. Although the driving pattern is the
same, the exact shifting points are different due to the differences
in the vehicle drivetrain configurations.
One way to investigate the gear shifting effect on WLTP CO2
emissions is to perform for the two vehicles described in Table 4,
two series of simulations; one with the WLTP-generated gear shift-
ing profile and another with fixed points similar to the NEDC reg-
ulation. In the simulations (carried out with AVL CRUSE) with the
NEDC regulation fixed points, the total CO2 emissions were found
higher by 1 g/km for the diesel and 6 g/km for the gasoline vehicle
when compared to the WLTP gear shift points. Since the generated
gear shifting profile is a function of vehicle specific parameters, it is
not odd that the simulated CO2 effect is not the same for these two
case studies.
2.3.5. Temperature
While in NEDC the soak and the test temperature is set between
20 and 30 C, in WLTP the respective figure is 23 ± 3 C for both
temperatures. These temperatures are not representative of Eur-
ope’s average annual temperature and even less when compared
to Northern Europe’s annual average temperature [39]. EU is plan-
ning to adopt a WLTP test with initial test temperature set at 14 C,
which is closer to the European average.
The temperature difference is expected to have an impact
mainly on cold start, which for NEDC is more pronounced given
the overall shorter duration of the cycle and the milder driving pro-
file during its first part.Table 4
Vehicle characteristics for the calculation of gear shifting in WLTP-High for two
medium size vehicles. For the mass and road load parameters, the delta between
these two vehicles is presented if the diesel parameters are used as baseline.
Gear shifting input Diesel vehicle Gasoline vehicle
Idle engine speed [rpm] 830 750
Engine speed at maximum power [rpm] 4000 5500
Maximum power [kW] 120 125
Engine to vehicle speed ratio for 1st gear 98.92 134.85
Engine to vehicle speed ratio for 2nd gear 54.14 73.23
Engine to vehicle speed ratio for 3rd gear 33.69 51.31
Engine to vehicle speed ratio for 4th gear 24.06 38.59
Engine to vehicle speed ratio for 5th gear 19.25 31.02
Engine to vehicle speed ratio for 6th gear 15.88 26.52
Delta in curb mass [kg] – 200
Delta in WLTP-High mass [kg] – 231
Delta in WLTP-High F0 [N] – 5.8
Delta in WLTP-High F1 [N/(km/h)] – 0.0561
Delta in WLTP-High F2 [N/(km/h)2] – 0.00252.3.6. RCB correction
Another parameter that is different between the two proce-
dures is the RCB correction applied to WLTP. So far, the type
approval measurement is performed in charge depleting mode
because the NEDC regulation does not give any specific prescrip-
tions concerning the state of charge of the battery at the com-
mencement of the test. Therefore, it is common practice to fully
charge the battery before the test in order to minimize any extra
fuel consumption due to the electrical system. In WLTP, a post-
test correction is applied to the measurement, correcting the final
CO2 emissions and fuel consumption value with the total charge
balance. The RCB correction is described in Eq. (3).
RCB CO2 correction ¼ DRCB  Vbat Willans Factor1000  Alternator Efficiency  Distance ð3Þ
where the RCB correction is expressed in g/km, DRCB is the RCB dif-
ference before and after the measurement in A h, Vbat the nominal
voltage of the battery in V, the fuel specific Willans Factor in
g CO2/kW h and the Distance expressed in km. For the Alternator
Efficiency typical values are in the order of 0.66–0.67.
Results from four WLTP measurements for a single vehicle and
the respective RCB corrections are shown in Fig. 8. The tests were
performed starting with fully charged battery, discharging during
the measurement. When the contribution of the battery is taken
into account, the declared value over WLTP is higher than the mea-
sured due to the RCB correction. The extra CO2 produced due to the
correction is also shown as charge balance equivalent. The extra
consumption due to the battery operation of these tests was on
average 9 A h or 4.6 g CO2/km. Since this correction was not per-
formed in the NEDC, it is expected that manufacturers will opti-
mize the operation of the electrical system in such a way, as to
minimize any additional CO2 and at the same time maximize the
gain from electrical systems such as the Break Energy Recuperation
System. The contribution of the electrical system is expected to be
different among individual vehicles due to the different require-
ments and operation strategies.
Fig. 8. WLTP measurements corrected with RCB for a large gasoline vehicle.
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3.1. Vehicle sample
For the scope of this study, and in order to analyze the effect of
the introduction of the new test procedure to the European legisla-
tion, a series of pollutant and CO2 emission tests have been per-
formed for a total of 20 passenger cars under the two protocols,
NEDC and WLTP-High. The protocol followed during the tests has
been described in Section 2, while more detailed information can
be found in [23]. In the current paper, a wider vehicle sample is
presented, focusing only on CO2 emissions. The specifications of
the vehicles are given in Table 5.
Where necessary and in order to analyze the effect of specific
differences between the two procedures, dedicated measurementsTable 6
Linear coefficients for the determination of vehicle positive axle power
Cm [kW h/kg] CF0 [kW h/N]
NEDC 0.000335 0.00254
WLTP-High 0.000785 0.00537
Table 5
Specification of the measured vehicles in NEDC and WLTP-High.
Fuel Vehicle Emission standard Ia/Ab/Tc Start/stop Dis
Gasoline G01 Euro 5 PFI/T/MT6 Yes 136
G02 Euro 5 DI/T/MT6 Yes 179
G03 Euro 6 DI/T/MT6 Yes 159
G04 Euro 5 DI/T/AT8 Yes 199
G05 Euro 5 PFI/NA/MT5 Yes 875
G06 Euro 5 PFI/NA/MT5 Yes 136
G07 Euro 5 DI/T/MT6 Yes 999
G08 Euro 5 DI/NA/AT7 Yes 349
G09 Euro 5 PFI/NA/AT5 Yes 999
G10 Euro 5 DI/T/AT6 No 249
G11 Euro 5 DI/T/MT5 No 119
G12 Euro 5 DI/T/AT6 Yes 139
Diesel D01 Euro 5 DI/T/AT8 Yes 296
D02 Euro 5 DI/T/MT6 Yes 199
D03 Euro 5 DI/T/MT5 No 124
D04 Euro 5 DI/T/AT7 No 203
D05 Euro 5 DI/T/MT5 Yes 124
D06 Euro 5 DI/T/AT6 No 168
D07 Euro 6 DI/T/MT6 Yes 159
D08 Euro 5 DI/T/MT6 Yes 156
a I = injection; DI = direct injection; PFI = port fuel injection.
b A = aspiration; T = turbo; NA = naturally aspirated.
c T = transmission; ATn = automatic transmission with n gears, MTn = manual transmwere performed (e.g. to quantify chassis preconditioning effect, 2-
axle chassis dyno effect, etc.). Partial results of this activity have
been presented in the previous sections. Additionally, in order to
assess the impact of cold start performance over the two test pro-
cedures, one characteristic measurement – out of approximately
three repetitions – is selected for each of the two driving cycles
in cold and hot start conditions, and analyzed specifically for that
effect.
The above are complemented with a step-by-step simulation
exercise. As of today, seventeen validated vehicle models have
been developed and for this activity, two out of seventeen vali-
dated vehicle models were used [23]. One small size gasoline
(G11 of Table 5) and one medium-large size diesel (D02 of Table 5)
passenger car, considered to be in the most popular European seg-
ments, according to their market share for years 2014 and 2015
[40,41]. The displacement clusters were 1000–1400 cc for the
gasoline vehicles and 1600–2000 cc for the diesel vehicles.
The simulations approach adopted is as follows: both vehicle
models are set up to run a WLTP-High. Then, one at a time, a test
parameter is modified according to the NEDC protocol, and a
new simulation run is performed; i.e. first the test mass is changed,
then the R/L coefficients, then the driving profile, the gear shifting
sequence, etc.
3.2. Modelling positive axle power
The experimental results over NEDC or WLTP can be correlated
with the positive axle power and thus, corrected for certain dis-
tance, wheel power, initial temperature, etc. [11]. The proposed
calculation consists of the rolling resistance, drag and inertia con-
tribution as a function of the vehicle speed. Since the calculation is
depended on the inertia mass and R/L coefficients, a generalized
linear model of the four parameters to calculate the total positive
axle power Eaxle in kW h over NEDC and WLTP would be.
CF1 {kW h/[N/(km/h)]} CF2 {kW h/[N/(km/h)
2]}
0.168 12.7
0.412 38.3
placement [cc] Max power [kW] Max torque [Nm] Curb mass [kg]
8 125 250 1290
8 125 318 1450
8 100 240 1300
5 180 350 1510
77 145 930
8 57 115 1025
92 170 1179
8 200 370 1635
52 92 750
7 187 360 1456
7 66 160 1102
0 110 240 1623
7 190 580 1880
5 120 380 1465
8 55 190 1090
0 120 360 2030
8 70 190 1393
6 95 300 1309
8 90 320 1601
0 82 270 1293
ission with n gears.
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where F0, F1, F2 the R/L coefficients from Eq. (1), Mass the driving
cycle inertia mass and C0, CF1 , CF2 , Cm the respective coefficients
from a multi linear regression analysis for the given vehicle sample.
The produced values can be found in Table 6. C0 (kW h/N), CF1
{kW h/[N/(km/h)]}, CF2 {kW h/[N/(km/h)
2]}, Cm (kW h/kg) are cycle
dependent and different for NEDC and WLTP-High. The R2 correla-
tion coefficients and p-values of the model are over 0.99 and close
to 0, respectively. Similar accuracy is obtained if the axle power out-
put signal from AVL CRUISE is used for comparison. The main
advantage of the proposed model is that it can be used without
any instantaneous recordings of vehicle speed or validated model,
just by using the inertia mass and R/L coefficients.4. Results and discussion
The following paragraphs present the main results in terms of
the effect on CO2 emissions between the two protocols, resulting
from the different activities as described above.4.1. Measurement results
Fig. 9 presents the median cold WLTP-High CO2 bag results vs
the median cold NEDC CO2 bag results for all measurements con-
ducted for the two driving cycles. The pool of tested vehicles
included diesel and gasoline fueled engines, with direct or port fuel
injection, turbocharged or naturally aspirated, equipped with
manual or automatic transmission, conventional or mild hybrid
equipped with S/S and regenerative breaking. The presented NEDC
and WLTP-High results are not corrected for RCB, with WLTP-High
CO2 being on average 11% higher than NEDC’s, similar to another
study [11]. As explained above, for the current test protocol
WLTP-High CO2 values will be higher if the RCB correction is
included, while no RCB correction is foreseen for NEDC. Specifi-
cally, if we add 4 g/km to WLTP-High measured CO2 in order toFig. 9. WLTP-High vs NEDC CO2 measurements for 20 different passenger cars. The
points correspond to the median of one to five measurements, while the error bars
correspond to the minimum and maximum value. The dashed trend line
corresponds to the increasing trend of WLTP-High vs NEDC CO2 emissions, while
the dotted line corresponds to the decreasing trend.account for the RCB correction, then WLTP-High results become
14% higher than their respective NEDC values.
To better understand the presented results in Fig. 9, these are
divided in three main areas according to their NEDC value. The first
consists of small, medium and medium-large vehicles with mea-
sured CO2 emissions from 100 to 160 g/km; the second narrow
region consists of medium-large and large vehicles with emissions
from 160 to 180 g/km and the third consists of executive vehicles
with measured NEDC emission values above 180 g/km. In the first
area, almost all vehicles were equipped with MT, while the rest
were equipped with AT exclusively.
Currently, vehicles equipped with automatic transmissions fol-
low gear shifting strategies programmed in such a way to compro-
mise two targets: maintain on the one hand good drivability over
real-world driving conditions and on the other hand reduce CO2
emissions over the certification test to the (greatest) possible
extent. For doing so, over NEDC the engine is maintained at rela-
tively low rotational speeds and higher loads where engine effi-
ciency is higher. Over NEDC, the average engine speed and the
associated standard deviation for MT and AT vehicles that belong
to the examined vehicle sample are 1758 ± 244 and 1417 ± 262
respectively. Hence, the average engine efficiency (as extracted
from AVL CRUISE simulation) of AT vehicles is higher than that of
vehicles equipped with manual transmissions. At the same time,
the drivetrain efficiency is worse due to the presence of torque
converters which introduce additional losses (especially when
not locked, at low speeds) resulting in an overall lower vehicle effi-
ciency [42]. This is depicted in Fig. 10 where AT vehicles, for the
given vehicle sample, are characterized over the NEDC by slightly
lower vehicle efficiency and marginally higher engine efficiency
thanMT vehicles. In WLTP, both MT and AT vehicles perform better
in terms of engine and vehicle efficiency; the engine operating
range during this cycle is characterized by better efficiency as com-
pared to NEDC (31% in WLTP versus 25% in NEDC), while higher
vehicle efficiency is achieved as well. However, when comparing
the two types of vehicles, AT vehicles over WLTP-High exhibit
lower engine efficiency compared to the MT ones by less than 1%
and lower vehicle efficiency by 1.7%.
WLTP gear shifting calculation algorithm used for defining the
shifting points in the case of MT vehicles, results in engine
operation at lower rotational speeds compared to NEDC
(1668 ± 246 rpm) increasing thus the efficiency. The latter areFig. 10. Average engine and vehicle efficiency in NEDC and WLTP-High for
automatic transmission (AT) and manual transmission (MT) vehicles. The error
bars correspond to the standard deviation.
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that the latter are about 90 rpm lower on average does not neces-
sarily mean that higher engine efficiency can be achieved. A possi-
ble explanation may lie on the characteristics of the engines fitted
in MT and AT vehicles and the overall optimization of the power-
train system. It can be assumed that the AT vehicle gear shifting
strategy has not been programed to achieve lower CO2 values over
the WLTP cycle, but rather to maintain a balanced behavior over
real world operating conditions where the drivability of the vehicle
is also important. From this point of view, future CO2 emissions of
AT vehicles are expected to increase over NEDC and decrease over
WLTP, given that manufacturers will give up on NEDC and opti-
mize their powertrain operation for WLTP.
As of today, WLTP-High results in the NEDC range from 100 to
180 g/km, demonstrate an increasing trend over the y = x line,
especially determined by the vehicles that belong to the second
area of 160–180 g/km which can be characterized as ‘‘transitional”,
given that WLTP-High results will decrease in the future as
explained. Thus, we divided the results presented in Fig. 9 in two
trends: an increasing trend in the area with NEDC CO2 emission
values from 100 to 180 g/km with characteristic y = 1.10x + 2.5,
R2 = 0.94 and a decreasing trend in the area from 180 to
220 g/km with characteristic y = 0.47x + 113.7, R2 = 0.81. The
introduced characteristics should not be considered as a vehicle
generic trend, because of the vehicle specific operation in WLTP.Fig. 12. Engine coolant temperature development in NEDC and WLTC under different roa
stop (left) and an automatic transmission large gasoline vehicle without engine start-st
Fig. 11. Cold and hot start NEDC and WLTP. The error bars indicate the standard
deviation of the cold start effect.Moving to the vehicle’s driving resistance, the procedure antic-
ipated for RL determination in WLTP is applied to a manufacturer’s
specific vehicle type that belongs to a specific class. The current
NEDC based regulation, for lower CO2 emissions, considers as many
vehicles as possible in the same vehicle class, so that they can be
measured over the NEDC with the same RL coefficients, without
sacrificing additional weight for safety, performance and comfort.
In WLTP it is hypothesized that OEMs will split existing vehicle
classes to as many as possible, to lower the maximum unladen
mass and, if possible, keep D(Cd  A) equal to zero. As a result,
WLTP-High R/L will be almost equal to WLTP-Low RL, which by
definition is very close to NEDC’s. This might bring very close, even
equalize, the CO2 emissions for NEDC, WLTP-High and WLTP-Low
and bring the opposite results from what is expected, after the
introduction of the new Regulation.
From Eqs. (5)–(11) presented in Appendix A, it can be concluded
that WLTP RL for vehicles that belong to the same class, is strongly
depended to the minimum unladen mass and the maximum laden
mass. This influence is not proportional to higher NEDC inertia
classes and, more or less, has the same absolute effect for a lighter
or a heavier vehicle. In terms of CO2 emissions, this means that
WLTP-High effect when compared to the NEDC will be high for
lighter vehicles and diminishing for heavier vehicles. Yet it is still
unclear whether a critical point, at which CO2 emissions over the
NEDC will be equal to the ones of WLTP-High, exists or not.4.2. Cold and hot start performance
As explained above, in order to assess the impact of cold start
over the two test procedures, one measurement – among the rep-
etitions – is selected (after evaluation of the test results with crite-
ria such as the deviation from the mean value of all the test
repetitions) per vehicle for each one of the two cycles in cold and
hot start conditions. The average CO2 emissions for the 20 vehicles
can be seen in Fig. 11. For the selected measurements and the
examined vehicle sample, the cold start effect over NEDC and
WLTP-High – defined as the difference between the cold and hot
runs under the same conditions – was found equal to 12.3 ± 4.3
and 6.1 ± 2.7 g/km respectively, with the average cold NEDC CO2
equal to 145.8 g/km and the average WLTP-High 162.2 g/km.
The cold start effect is greater in NEDC thanWLTP-High for both
gasoline and diesel vehicles. Despite that, not a clear trend can be
derived regarding the development of the engine coolant temper-
ature among the different fuels. However, a parameter that wasd load settings for a manual transmission small diesel vehicle without engine start-
op (right).
Fig. 14. Step-by-step simulatedDCO2 betweenWLTP and NEDC for a medium-large
diesel passenger car.
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ical engine coolant temperatures for one diesel (D03 of Table 5)
and one gasoline (G08 vehicle of Table 5) are shown. For vehicle
D03 the development of the engine coolant temperature was not
affected by the driving profile or the R/L. The same trend was also
found for vehicle G11. This can be attributed to the absence of S/S
system. In such case, the engine will operate during idle phases
and keep warming up the coolant. On the other hand, if a S/S sys-
tem is installed, it is expected that the engine stops during idling
along with the coolant heating. Thus, engine coolant temperature
in NEDC, which is characterized by longer idling time compared
to WLTC, will reach steady state value later in the cycle. When
comparing the engine coolant temperature evolution for those
vehicles, it was found that the warm up was faster for the gasoline
vehicle, due to the higher in-cylinder temperatures and slower
cylinder wall heat flow for diesel vehicles. Furthermore, the engine
coolant temperature development in both NEDC and WLTP for the
turbocharged vehicle G10 is faster than vehicle G08 which is pow-
ered by a naturally aspirated engine, due to the higher in-cylinder
pressures resulting in elevated combustion temperatures.
For vehicle D06 (AT, without S/S), the engine was warmed up
faster in WLTP regardless of the R/L. This trend was found to be
the same in vehicle G08. For the vehicles equipped with S/S (both
diesel and gasoline), the main factor influencing the development
of the coolant temperature was the R/L. For both MT and AT vehi-
cles, the coolant warm up was faster in WLTP-High than in WLTP-
Low or NEDC.
4.3. Simulation results
In order to quantify the differences between the two test proce-
dures, simulation models have been set up, and run sequentially
changing one parameter at a time. The delta between WLTP-High
and NEDC (DCO2) which is produced from the modification of
the individual parameters is shown in Fig. 13 for a small gasoline
(vehicle G11 of Table 5) and in Fig. 14 for a medium – large diesel
vehicle (vehicle D02 of Table 5).
For both vehicles, the largest proportion of the overall DCO2
between WLTP-High and NEDC is due to the change in the RL;
42% for the diesel vehicle and 50% for the gasoline vehicle. If chas-
sis preconditioning is added to RL differentiation, the proportions
become 55% and 74% respectively. Significant is also the impact
of the different test mass used in WLTP-High, which is calculated
to account for 21% for the diesel and 31% for the gasoline vehicle
in the overall DCO2.
Test parameters such as the driving profile, the gear shifting and
the RCB correction may have a negative impact on DCO2. The sumFig. 13. Step-by-step simulated DCO2 betweenWLTP and NEDC for a small gasoline
passenger car.of the contributions of RL, test mass and chassis preconditioning,
exceeds 100% in the case of gasoline vehicles. Although it was
expected that with a more aggressive driving profile, compared
to NEDC, the divergence between type approval and real world fuel
consumption would drop, it was proven otherwise in both Euro 5
[31–33] and Euro 6 vehicles [34,35], as well as when alternative
fuels were used [37]. This is attributed to the fact that the vehicles
are driven in a more fuel efficient area for a longer period, as
explained in Section 4.1. For the small gasoline vehicle the driving
profile had an absolute impact of 0.2 g CO2/kmwhereas for the die-
sel vehicle the impact was 2.1 g CO2/km. On the other hand, the
WLTP gear shifting reduced CO2 emissions for the gasoline vehicle
by 0.9 g/km, while in the diesel vehicle the same figure was less
than 0.1 g/km. This was estimated by runningWLTC with the NEDC
gear shifting strategy.
In order to investigate the battery’s contribution in DCO2, two
types of simulations were performed over WLTP. One with the bat-
tery starting from maximum state of charge (SOC) and another
with the battery starting inside the range of sustainable operation.
This modification (marked as Initial SOC in Figs. 13 and 14) has an
effect of 6.1% for the gasoline vehicle and 13% for the diesel vehicle
in the total DCO2. To compensate with WLTP regulation, an RCB
correction must be conducted (Eq. (3)) to correct WLTP CO2 for bat-
tery’s DSOC. A positive DSOC means that additional fuel was con-
sumed to end the test with a charged battery and a negative DSOC
means that battery contributed to the overall consumption instead
of the engine. In the former case, the additional fuel must be
removed from WLTP end results, while for the latter case the
RCB fuel equivalent must be added. For the diesel vehicle, the
RCB correction is almost zero, which means that the battery’s
SOC level was the same in the beginning and end of test. As regards
the gasoline vehicle, the initial SOC correction has a negative effect
of 6.5% in the overall DCO2, which means that the engine con-
tributed in charging the battery. For these simulations in AVL
CRUISE, the same electrical topology was used for both vehicles.
Hence, a detailed investigation regarding the optimum initial SOC
should be conducted for the gasoline vehicle, in order to minimize
the CO2 correction. Finally, in both vehicles the effect of decreasing
the initial test temperature from 25 C to 23 C, accounts for less
than 1% in the overall DCO2.
5. Summary and conclusions
CO2 emission tests for 12 gasoline and 8 diesel passenger cars
were performed under the NEDC and WLTP. These tests were used
for the calibration and validation of vehicle models used in the
context of the WLTP-NEDC correlation exercise. The current work
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from the test results, quantifies the effect of WLTP on CO2 emis-
sions from passenger cars and compares it with those of the NEDC.
The two measurement protocols differ in the driving profile and
kinematic characteristics, in the determination of the test mass and
applied driving resistance, in the gear shifting sequence and charge
balance correction and in the soak and test temperature. From the
above, the dominant reason for the difference between the WLTP-
High and the NEDC was found to be the different test mass and the
applied driving resistance coefficients in the chassis dynamometer.
These parameters, based on a simulation exercise in a small gaso-
line and a medium-large diesel car, were found to account for 63%
for the diesel and 81% for the gasoline vehicle of the observedDCO2
between WLTP-High and NEDC, without taking into account the
chassis preconditioning effect.
Comparing cold start WLTP-High against NEDC, two trends
were identified as characteristic for the vehicle sample; an increas-
ing trend above the y = x line for emissions from 100 to 180 g/km
over NEDC and a decreasing trend from 180 to 220 g/km over the
NEDC. The area between 160 and 180 g/km is characterized as
‘‘transitional”, because it includes both increasing and decreasing
trends. For the investigated vehicle sample, medium-large vehicles
equipped with automatic transmission are present in this ‘‘transi-
tional area”. Currently, the gear-shifting of these vehicles does not
seem optimized over the WLTP, something that is expected to
change in the future and impact their CO2 emissions. The delta
between CO2 emissions over WLTP-High and NEDC is decreasing
as the CO2 emissions values over NEDC are increasing.
The increase of certified CO2 emissions when moving from
NEDC to WLTP originates from a driving cycle and an overall test
procedure, which more closely represents realistic vehicle opera-
tion. Introducing WLTP in the type-approval of light duty vehicles
therefore represents an important step-forward in the direction of
decarbonizing the road transportation sector and of providing cus-
tomers with more reliable information. Optimizations towards the
new procedure by vehicle manufacturers will still be possible but
yet, it is unclear how are they going to be adopted and what will
their CO2 effect be. However, vehicles will need also to comply
with the Euro 6 emission limits on WLTP (for which no adjustment
will be carried out) and on the RDE (although with some additional
margins), flexibilities will in any case be limited.
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Appendix A. Equations used for the determination of the road
load
TMWLTP-L ¼ ½UMmin þ 100 þ 0:15  ½LMmax  UMmax  100 ð5Þ
TMWLTP-H ¼ ½UMmax þ 100 þ 0:15  ½LMmax  UMmax  100 ð6Þ
F0;WLTP-L ¼ 1:03  F0;NEDC þ 2  0:2  9:811000
 
 TMNEDC
 
 TMWLTPL
TMNEDC
ð7ÞF0;WLTP-H ¼ 1:03  F0;NEDC þ 2  0:2  9:811000
 
 TMNEDC
 
 TMWLTP-H
TMNEDC
þ 9:81  TMWLTP-H  DRR ð8Þ
F1;WLTP-L ¼ F1;WLTP-H ¼ 1:03  F1;NEDC ð9Þ
F2;WLTP-L ¼ 1:03  F2;NEDC ð10Þ
F2;WLTP-H ¼ 1:03  F2;NEDC þ 1:189
2  3:62  DðCd  AÞ ð11Þ
where TMWLTP-L and TMWLTP-H the test mass of WLTP-L and WLTP-H
respectively, UMmin and UMmax the minimum and maximum unla-
den mass of the vehicle, LMmax the maximum laden mass and
TMNEDC, the test mass of NEDC. All mass units are in kg. DRR is
the difference in rolling resistance between the best and worst case
tires in N and D(Cd  A) the difference between the product of the
drag coefficient (Cd) and frontal area (A) of the vehicle.
References
[1] European Environment Agency. Tracking progress towards Europe’s climate
and energy targets for 2020. Trends and projections in Europe 2014.
Luxembourg; 2014.
[2] Ntziachristos L, Mellios G, Tsokolis D, Keller M, Hausberger S, Ligterink NE,
et al. In-use vs. type-approval fuel consumption of current passenger cars in
Europe. Energy Policy 2014;67:403–11.
[3] Tietge U, Zacharaof N, Mock P, Franco V, German J, Bandivadekar A, et al. A
2015 update of official and ‘‘real-world” fuel consumption and CO2 values for
passenger cars in Europe. White paper. The International Council on Clean
Transportation; 2015.
[4] Transport & Environment. Mind the gap, 2015.
[5] Weiss M, Bonnel P, Hummel R, Provenza A, Manfredi U. On-road emissions of
light-duty vehicles in Europe. Environ Sci Technol 2011;45:8575–81.
[6] Mock P, German J, Bandivadekar A, Riemersma I, Ligterink N, Lambrecht U.
From laboratory to road: a comparison of official and ‘real-world’ fuel
consumption and CO2 values for cars in Europe and the United
States. International Council on Clean Transportation; 2013.
[7] Joumard R, André M, Vidon R, Tassel P, Pruvost C. Influence of driving cycles on
unit emissions from passenger cars. Atmos Environ 2000;34:4621–8.
[8] Dings J. Mind the gap! Why official car fuel economy figures don’t match up to
reality. Brussels: Transport and Environment; 2013.
[9] Kågeson P. Cycle-beating and the EU test cycle for cars. Brussels: European
Federation for Transport and Environment; 1998.
[10] Marotta A, Pavlovic J, Ciuffo B, Serra S, Fontaras G. Gaseous emissions from
light-duty vehicles: moving from NEDC to the new WLTP test procedure.
Environ Sci Technol 2015;49(14):8315–22.
[11] Pavlovic J, Marotta A, Ciuffo B. CO2 emissions and energy demands of vehicles
tested under the NEDC and the newWLTP type approval test procedures. Appl
Energy 2016;177:661–70.
[12] Ligterink NE. Real world CO2 emissions: causes and effects. In: lowCVP
conference. London: TNO; 2012.
[13] Tutuianu M, Bonnel P, Ciuffo B, Haniu T, Ichikawa N, Marotta A, et al.
Development of theWorld-wide harmonized Light duty Test Cycle (WLTC) and
a possible pathway for its introduction in the European legislation. Transp Res
Part D: Transp Environ 2015;40:61–75.
[14] Millo F, Rolando L, Fuso R, Mallamo F. Real CO2 emissions benefits and end
user’s operating costs of a plug-in hybrid electric vehicle. Appl Energy
2014;114:563–71.
[15] Rangaraju S, De Vroey L, Messagie M, Mertens J, Van Mierlo J. Impacts of
electricity mix, charging profile, and driving behavior on the emissions
performance of battery electric vehicles: a Belgian case study. Appl Energy
2015;148:496–505.
[16] Zamboni G, Moggia S, Capobianco M. Hybrid EGR and turbocharging systems
control for low NOX and fuel consumption in an automotive diesel engine.
Appl Energy 2016;165:839–48.
[17] Dardiotis C, Martini G, Marotta A, Manfredi U. Low-temperature cold-start
gaseous emissions of late technology passenger cars. Appl Energy
2013;111:468–78.
[18] Kadijk G, Verbeek M, Smokers R, Spreen J, Patuleia A, van Ras M, et al.
Supporting analysis on test cycle and technology deployment for reviews of
light duty vehicle CO2 regulations final report, 2012.
[19] United Nations. Global technical regulation on worldwide harmonized light
vehicles test procedure. ECE/TRANS/180/Add15.
[20] Tutuianu M, Marotta A, Steven H, Ericsson E, Haniu T, Ichikawa N, et al.
Development of a World-wide Worldwide harmonized Light duty driving Test
Cycle (WLTC). Transmitted by the WLTP DHC Chair; 2013.
D. Tsokolis et al. / Applied Energy 179 (2016) 1152–1165 1165[21] Ciuffo B, Marotta A, Tutuianu M, Anagnostopoulos K, Fontaras G, Pavlovic J,
et al. The development of the World-Wide Harmonized Test Procedure for
Light Duty Vehicles (WLTP) and the pathway for its implementation into the
EU Legislation. Washington, DC: Transportation Research Board; 2015.
[22] AVL. AVL cruise – vehicle system and driveline analysis, 2016.
[23] Tsokolis D, Tsiakmakis S, Triantafyllopoulos G, Kontses A, Toumasatos Z,
Fontaras G, et al. Development of a template model and simulation approach
for quantifying the effect of WLTP introduction on light-duty vehicle CO2
emissions and fuel consumption. SAE technical paper 2015-24-2391; 2015.
[24] Demuynck J, Bosteels D, De Paepe M, Favre C, May J, Verhelst S.
Recommendations for the new WLTP cycle based on an analysis of vehicle
emission measurements on NEDC and CADC. Energy Policy 2012;49:234–42.
[25] Kühlwein J, German J, Bandivadekar A. Development of test cycle conversion
factors among worldwide light-duty vehicle CO2 emissions. White paper. The
International Council on Clean Transport (ICCT); 2014.
[26] Galvin R. Rebound effects from speed and acceleration in electric and internal
combustion engine cars: an empirical and conceptual investigation. Appl
Energy 2016;172:207–16.
[27] Joumard R, Rapone M, Andre M. Analysis of the cars pollutant emissions as
regards driving cycles and kinematic parameters, 2006. p. 132.
[28] Sileghem L, Bosteels D, May J, Favre C, Verhelst S. Analysis of vehicle emission
measurements on the new WLTC, the NEDC and the CADC. Transp Res Part D:
Transp Environ 2014;32:70–85.
[29] Bielaczyc P, Woodburn J, Szczotka A. The WLTP as new tool for the evaluation
of CO2 emission. In: FISITA world automotive congress, Maastricht, the
Netherlands.
[30] Mock P, Kühlwein J, Tietge U, Franco V, Bandivadekar A, German J. The WLTP:
how a new test procedure for cars will affect fuel consumption values in the
EU. Working paper. The International Council on Clean Transport (ICCT); 2014.
[31] Bielaczyc P, Woodburn J, Szczotka A. A comparison of carbon dioxide exhaust
emissions and fuel consumption for vehicles tested over the NEDC, FTP-75 and
WLTC chassis dynamometer test cycles. SAE technical paper 2015-01-1065;
2015.[32] Favre C, Bosteels D, May J. Exhaust emissions from European market-available
passenger cars evaluated on various drive cycles. SAE technical paper 2013-
24-0154; 2013.
[33] May J, Bosteels D, Favre C. An assessment of emissions from light-duty vehicles
using PEMS and chassis dynamometer testing. SAE Int J Eng 2014;7:1326–35.
[34] Andersson J, May J, Favre C, Bosteels D, de Vries S, Heaney M, et al. On-road and
chassis dynamometer evaluations of emissions from two Euro 6 diesel
vehicles. SAE Int J Fuels Lubr 2014;7:919–34.
[35] Bielaczyc P, Szczotka A, Woodburn J. Regulated and unregulated exhaust
emissions from CNG fueled vehicles in light of Euro 6 regulations and the new
WLTP/GTR 15 test procedure. SAE Int J Eng 2015;8(3).
[36] Argonne. Downloadable dynamometer database, generated at the Argonne
National Laboratory, Advanced Powertrain Research Facility (APRF), under
the funding and guidance of the U.S. Department of Energy (DOE); 2016.
Available at <http://www.anl.gov/energy-systems/group/downloadable-
dynamometerdatabase/> [accessed 21 June, 2016].
[37] Suarez-Bertoa R, Zardini AA, Keuken H, Astorga C. Impact of ethanol containing
gasoline blends on emissions from a flex-fuel vehicle tested over the
Worldwide Harmonized Light duty Test Cycle (WLTC). Fuel 2015;143:173–82.
[38] Regulation (EU) No. 510/2011 of the European Parliament and of the Council of
11 May 2011. Setting emission performance standards for new light
commercial vehicles as part of the Union’s integrated approach to reduce
CO2 emissions from light-duty vehicles. OJ L145/1.
[39] European Environment Agency. Global and European temperatures, 2015.
[40] European Environment Agency. Monitoring of CO2 emissions from passenger
cars: summary data for 2014 Available atAvailable from: <http://www.eea.
europa.eu/data-and-maps/data/co2-cars-emission-8>2015.
[41] European Environment Agency. Monitoring of CO2 emissions from passenger
cars: summary data for 2015 Available atAvailable from: <http://www.eea.
europa.eu/data-and-maps/data/co2-cars-emission-10>2016.
[42] Reif K, Dietsche K-H. Automotive handbook. 9th ed. Robert Bosch GmbH; 2014.
